Background: Streptococcus equi represents a common hazard to equids worldwide. Environmental contamination with bacteria shed from an infected horse may represent a significant source of contagion and further knowledge of ex vivo bacterial survival under different conditions is important for disinfection and isolation protocols. Objectives: To determine the potential duration of survival and vigour of growth of S. equi inoculated onto surfaces relevant to equine veterinary practice and stabling in summer and winter. Study design: Repeat sampling of environmental inocula of S. equi. Methods: Cultures of S. equi were inoculated onto wood, a shoe sole, cotton overalls, inside a nasogastric tube, inside a dental rasp, in a wet plastic bucket and onto a fence post both in the summer and winter seasons. Frequent resampling and culture from the inoculated sites was conducted until no viable bacteria were found. Bacterial viability was determined by both duration (time to first negative culture) and vigour of growth (growth score over the first 3 days of culture) and compared between inoculated sites and times of year. Results: Bacterial viability was enhanced by a wet local environment and by the winter season. Survival tended to be short in the summer (up to 9 days in wet sites and up to 2 days in dry sites) but much longer in the winter (up to 34 days in wet sites and up to 13 days in dry sites). Vigour of bacterial growth was also greater in the winter than in the summer as judged by 3-day-growth scores. Main limitations: Direct comparison with the variable size and nature of naturally shed infectious material is difficult. Conclusions: Veterinarians and personnel handling horses should be aware that S. equi may survive in an equine environment for longer than previously found, especially when protected by wet and cold conditions.
Introduction
Strangles is a common equine disease that follows oral or nasal infection with Streptococcus equi subspecies equi (S. equi). Infection of susceptible horses with S. equi may arise due to direct contact with an infected horse or via indirect fomite transmission following contamination of human attendants, objects or the environment, although the relative importance of direct vs. indirect sources is unknown. Currently both environmental and direct equine sources of infection remain important considerations in design of control strategies [1, 2] .
The duration of viability of S. equi once outside the horse remains contentious with opinions varying from brief survival in the environment to survival for more than a year [3] [4] [5] . Earlier laboratory-based studies indicated prolonged survival of S. equi for 7-10 weeks [3, 6] although the relevance of controlled laboratory conditions to persistence in a real equine environment has been questioned. Outside of the laboratory, further potential challenges from influences such as ultraviolet light, desiccation, variable temperature and humidity, nutrient availability and noxious competitive flora could lead to far shorter survival times. This question was partially addressed in a Canadian study which did not detect survival beyond 3 days when outdoor environmental surfaces were infected with S. equi. However, although more representative of the usual conditions to which shed S. equi would be exposed, this latter study was conducted entirely in an outdoor and predominantly warm environment with exposure of the bacteria to prevailing weather. It is possible that protection of the organism from sunlight and desiccation could promote survival and that different air temperatures could have been influential also.
The aims of this study were to further examine the viability of S. equi by exploring additional environmental variables including moisture and a greater range of air temperatures in primarily indoor locations including further infected materials relevant to an equine veterinary environment.
Materials and methods
The study involved inoculation of live S. equi cultures onto seven different sites followed by attempts to culture bacteria from each site over time. The study was conducted during summer (commencing 7 August 2013) and again during winter (commencing 7 November 2013). Minimum and maximum air temperatures were recorded throughout the study. Relative humidity recordings were obtained from an online database resource a .
Inoculum
S. equi was isolated from a field submission from a clinical case. The identity was confirmed by characteristic appearance on Columbia blood agar (CBA), biochemical reactions (API Strep20E) b and polymerase chain reaction. Following identification, the culture was maintained at À80°C until use (Microbank) c . Prior to each of the two parts of the study (summer and winter), the culture was revived by inoculation into Sterile Todd Hewitt broth and cultured at 37°C for 7 h. A final inoculum was then prepared by mixing 10 mL of infected broth with 90 mL warm sterile water and 1 g nutrient agar powder creating a final inoculum of semi-liquid consistency. The bacterial concentration of the final inoculum was then calculated following aerobic culture of serial dilutions on CBA.
Contamination of surfaces
Seven different surfaces were selected for contamination with S. equi cultures. One of these was outdoors on top of a fence post in an area fully shaded by trees whilst the other six sites were inside a wooden shed without windows. The indoor surfaces comprised a piece of plain untreated pine wood, the rubber sole of a shoe placed sole-down on a plain plastic surface, cotton overalls, inside the end of a translucent plastic nasogastric tube, between the removable float blade and holder of a steel Equine Veterinary Journal 50 (2018) 861-864 © 2018 EVJ Ltd dental rasp and the bottom of a plastic bucket containing a few millimetres of plain rainwater. In the summer a small amount of rainwater was added to the bucket as required to maintain the wet environment and counter the effects of evaporation. Significant evaporation did not occur in the winter so this was not required then. The inoculum collected as a pool within the curvature of the stomach tube and remained wet throughout the experiment without further addition of water. All sites were visibly clean although were not prewashed for the study. None of the surfaces had contacted any chemical disinfectants. Each of the seven sites was contaminated by applying 10 mL of the final inoculum.
Sampling procedures
Each site was sampled at defined intervals until two consecutive samplings failed to detect any live S. equi. Samples were collected at 24-h intervals from the time of inoculation for 5 days, followed by 48-h intervals until day 23, followed by bi-weekly intervals until the end of the study. Six separate samples were collected from each of the seven sites at each sampling time using cotton swabs (Probact Transport Swabs) placed into Amies charcoal medium immediately after sampling. Dry sites were sampled by moistening the cotton swabs in sterile isotonic saline before swabbing the contaminated site over an area not previously sampled by vigorous rubbing for approximately 15 s. Wet sites were simply sampled by immersing the tip of the swab into the liquid.
Culture of samples
Each of the six swabs collected from each site at each sampling time was inoculated onto both CBA and colistin-nalidixic acid agar (CNA) plates using a 4-phase streaking technique within 1 h of collection, and then cultured aerobically at 37°C for 48 h. The four-phase streaking technique involved first streaking the collected swab across the first quadrant of the agar plate. An inoculation loop was first sterilised in a flame and then, when cooled, used to streak from the first quadrant across the second quadrant in a zigzag pattern before being re-sterilised. The third and then fourth quadrants are streaked similarly with re-sterilisation of the loop between quadrants. Colonies were identified as S. equi based upon beta-haemolysis and characteristic colony appearance and, if necessary, microscopic examination.
Sampling of S. equi from each site was attributed indices of both duration and vigour of growth. Duration of growth was reflected by the survival time, which was defined as the first sampling time at which viable S. equi was no longer detected (representing the maximum possible duration of contagion). Vigour of growth was reflected by the growth score. Growth of S. equi on each plate was allotted a score between 0 and 4 depending on the presence of visible growth on each of the four streaked sections (0 = no growth, 1 = growth on 1st section only, 2 = growth on 1st and 2nd section, 3 = growth on 1st, 2nd and 3rd sections; 4 = growth on all 4 sections). Each of the six swabs from each site at each sampling time was given a growth score (range 0-4) based on the highest score from either the CBS or CNA plate onto which it had been inoculated and the mean growth score per site per day calculated (range 0-4). The 3-daygrowth-score (range 0-12) was used for statistical comparison of growth on the different sites and was calculated as the sum of the daily growth scores from each swab over the first 3 days of the study only, to limit the additional influence of survival times on this index of growth.
Data analysis
Data were analysed using a statistical software program (GraphPad Prism 7.01) d . The data were assessed using nonparametric methods due to its categorical nature and a lack of normal distribution in some data sets (assessed visually and using the D'Agostino and Pearson or Shapiro-Wilk normality tests). The effect of season (summer vs. winter) was evaluated by comparing both the survival times and the 3-day-growth scores on the various surfaces in summer to those in winter using Mann-Whitney tests. A Bonferroni correction was applied to adjust for multiple comparisons in each data set, resulting in significance being set at P≤0.007. The effect of surface moisture was evaluated by comparing both the survival times and the 3-day-growth scores on wet surfaces (the inoculum remained liquid throughout the study in both the bucket and stomach tube) to those on dry surfaces (wood and clothing) using Mann-Whitney tests. A Bonferroni correction was applied resulting in significance being set at P≤0.017. Data are reported as median [range] .
Results

Inoculum concentration
Serial dilution indicated the concentration of S. equi in the final inoculum to be approximately 10 8 colony-forming units (CFUs) per mL during both the summer and winter sections of the study.
Temperature and humidity
During the summer (7-15 August 2013) and winter (7 November-17 December 2013) periods the mean (minimum to maximum) air temperatures were 18.8°C (9 to 32°C) and 5.2°C (À2.9 to 14.5°C) respectively; and the mean (minimum to maximum) relative humidities in summer and winter were 70% (63-82%) and 87% (79-94%) respectively.
Duration of growth
With the exception of the fence post in the winter, survival of S. equi was found at all sites from 24 h postinoculation (Fig 1a) . In the summer, the longest period over which successful cultures of S. equi were obtained was 7 days from the stomach tube, with failure to culture subsequently at 9 days. In the winter, the longest period over which successful cultures of S. equi were obtained was 30 days from the bucket, with failure to culture subsequently at 34 days.
Comparison of winter and summer indicated significantly longer survival times in the winter at all sites except for the fence post (fence post, P = 0.061; tooth rasp, P = 0.009; other sites, P = 0.002). Comparison of wet and dry sites indicated significantly longer survival times in wet sites in summer, winter, and overall (Table 1a) .
Vigour of growth
The most vigorous growth of S. equi in both the summer and winter was in the stomach tube (median 3 day-growth scores 10/12, 11.5/12 respectively) whereas the poorest growth overall was on the outdoor fencepost in the winter and the wood in the summer (both median 3 daygrowth scores 0/12).
Comparison of winter and summer indicated significantly higher 3-daygrowth scores in the winter for all surfaces except clothing and the fence post (clothing, P = 0.06; fence post, P = 0.06; stomach tube, P = 0.02; other sites, P = 0.002). Comparison of wet and dry sites indicated significantly higher 3-day-growth scores in wet sites in summer, winter and overall (Table 1b) .
Discussion
This study aimed to extend the findings of previous studies and attempted to further indicate the potential contagion posed by S. equi outside of the horse under different conditions to those previously studied, but still relevant to equine environments. The longest survival times and the most vigorous growth were seen in wet, humid, and cold conditions.
Probably the greatest risk of S. equi infection comes from contact with infected horses. Following acute S. equi infection, it has been suggested that most horses cease to become contagious by 3-6 weeks after clinical recovery [4, 7] , although other reports suggest potential contagion for at least 9-15 weeks after uncomplicated infection [8, 9] . In addition, persistent guttural pouch empyema and/or chondroid formation might persist for months or even years in some horses following clinical recovery [10] . This poses significant diagnostic challenges with concerning limitations in the sensitivity of commonly used microbiologic tests [8, [10] [11] [12] .
Environmental persistence of bacteria represents a further potential source of S. equi infection. Initial laboratory-based studies indicated potential survival of S. equi for as long as 72 days [3, 6] . However, these studies were conducted under controlled and moderately constant conditions distinct from typical equine environments. Only one previous publication attempted to establish survivability of S. equi in environments relevant to equine management scenarios [13] . That study examined the effects of several variables on survival of S. equi including nature of the contaminated surface (bare wood, painted wood, metal, and rubber), weather conditions (sun, cloud, rain, temperature), and protection of the inoculum with mucus. That study did not find any environmental inocula to survive for longer than 4 days. In the summer section of this study slightly longer survival was found with median survival times between 1 and 5 days (range 1-9 days) depending on the nature of the inoculated surface (Fig 1a) .
No effect of surface type on S. equi survival was found previously in a study involving contamination of several different dry outdoor surfaces, although respiratory mucus showed some protective effect on bacterial survival [13] . In contrast there were major differences in survival times and vigour of growth between different surfaces in this study, with wet surfaces appearing to be far more favourable to S. equi than dry ones (Table 1) . Although anecdotal comments are made regarding the contagion hazard of shared water buckets, this study is the first to demonstrate the particular risk that they pose. Survival of S. equi was recorded for up to 34 days in a wet bucket in the winter, longer than any other site in this study and far longer than previously reported in studies out with a laboratory environment. Veterinarians should also be mindful that vigour of growth of the inoculum in this study was greatest inside a moist nasogastric tube (median 3-day-growth score 11.5/12), where it survived for up to 21 days in the winter (Fig 1) . In this study wet sites clearly favoured the longevity and vigour of growth of S. equi (Table 1) but have not been included in most previous studies of S. equi survival. Maintenance of a wet environment will prevent bacterial death from desiccation as well as affording some degree of temperature moderation. Ultraviolet light has been demonstrated to be an important factor in determining survival of S. equi with death of all inocula in one study within 24 h of exposure to bright sunlight [13] . This study excluded the possible effects of direct sunlight by maintaining the inocula in indoor or outdoor shaded areas only, leaving temperature and humidity as the only significant weather variables. No effect of temperature on survival of S. equi was seen in a Canadian study [13] although it was conducted from July to September when temperatures were presumably mild to warm and not markedly variable. In contrast, this study was conducted during two distinct seasons and found that the time of year had a large and significant effect on both survival times and growth scores of S. equi, with cold and humid winter conditions being associated with significantly longer survival times and greater 3-day-growth scores (Fig 1) . The strong preserving effect of winter conditions on bacterial survival is important to bear in mind for isolation and disinfection protocols. Notably, the rubber sole of a shoe maintained growth of S. equi for up to 3 weeks, and a plain indoor wood surface for almost 2 weeks at this time of year (Fig 1a) . Both of these sites demonstrated equivalent 3-day growth scores to that of a wet bucket in the winter (Fig 1b) . The putative beneficial effects of low temperature and high humidity could not be separated in this study and probably each had differing degrees of benefit depending on the particular inoculated surface. Whereas the improved growth of S. equi at wet sites (bucket and stomach tube) can only be attributed to temperature, and not humidity, innocula on dry sites (wood and clothing) also showed better growth in winter and probably benefitted from both lower temperatures and higher humidity at that time of year. Interestingly, even when maintained in a constantly wet environment within a stomach tube and a bucket, survival was still relatively short-lived during warm summer conditions (up to 9 days, Fig 1a,  Table 1a ) suggesting temperature was probably the dominant influence here. This shortened survival of S. equi in warm conditions might have related to higher bacterial metabolic activity leading to more rapid exhaustion of nutrient sources or possibly by encouragement of growth of further competitive bacterial species also favoured by the warm
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Survival time (days) conditions. In this study, the outdoor fence post appeared to be an especially harsh environment for the inoculated cultures (Fig 1) . The post was made from untreated chestnut wood and had been in place for approximately 5 years. Interestingly this was the only inoculated site that was visibly contaminated with pre-existing flora having a greenish appearance, and competitive exclusion may have contributed to the short survival at this site. The site was specially chosen to avoid direct sunlight despite being outdoors, although clearly some limited ultraviolet light exposure is bound to have occurred also. Although this study indicated that environmental survival of S. equi could be far more prolonged than previously thought, the practical clinical implications of this are difficult to predict. Several factors are worth of consideration in this respect. First, due to the large number of samples examined during the study, culture conditions were limited to aerobic culture only. It is possible that anaerobic or microaerophilic conditions may have enhanced growth and resulted in detection of even more profuse and/or prolonged survival. However, following the final unsuccessful aerobic culture from the bucket during the winter (at 37 days), samples were also submitted for anaerobic culture (on days 37 and 40) with no S. equi colonies detected on either occasion. Thus, inclusion of anaerobic culture within the study would not appear likely to have had a marked effect of the reported longevity of S. equi. Second, it is not known what the minimum infectious dose of S. equi is for a susceptible horse. Clearly this is likely to vary depending on other factors such as immunity and general health status although it has been suggested that at least 10 6 CFUs are required for clinical disease to develop [4] . In this study, no samples were found to have growth scores ≥3 beyond 3 days in the summer and 9 days in the winter despite detection of low numbers of viable bacteria for far longer periods (Fig 1) . However, it should also be considered that the size of the initial inoculum is likely to influence both the future risk of contagion and also the success of viable recovery in this study. The amount of environmental contamination produced by a clinical case is unpredictable and likely to be immensely variable and is therefore impossible to accurately mimic in an experimental study such as this. However, it should be acknowledged that this study may have both underand over-estimated the potential survivability in a particular field infection depending on the exact circumstances. Thirdly, the nature of the environmental inoculum in both experimental studies and in field outbreaks is likely to influence survivability of S. equi. One study found significantly improved environmental survival when a S. equi inoculum was mixed with respiratory mucus derived from equine lungs, compared with saline alone [13] . Although respiratory secretions from horses with good respiratory health might therefore help preserve S. equi, this is not necessarily the case when S. equi are shed into the environment in field outbreaks. Clinical strangles cases may shed respiratory mucus laced with antibacterial products (IgA, complement, etc.) and purulent secretions rich in neutrophils and their antibacterial contents that might continue to impair bacterial survival ex vivo. Interestingly, one study successfully cultured S. equi from only 5 of 15 (33%) swabs collected directly from abscesses from strangles cases suggesting poor viability of bacteria shed in purulent exudate [8] . Thus, the ideal experimental medium for prediction of actual environmental survival of S. equi is far from clear. In a pilot project conducted prior to this study, it was found that when the inoculum was washed free of traces of primary Todd Hewitt broth and suspended in plain (non-nutrient) agar, survival at any site was no more than 1 day (in July 2013). Further investigation of appropriate inoculum preparation and how recovery from the environment relates to potential contagion would greatly add to the findings of this and previous studies.
This study illustrated the possibility of environmental survival of S. equi for far longer than has been reported previously. Although survival in warm and dry locations was detected for only up to 2 days, in wet and cold indoor conditions S. equi may remain viable for more than 30 days. Although extrapolation to natural infection and transmissibility is difficult, the possibility that similarly prolonged survival could occur following outbreaks of clinical disease should be considered as part of the formulation of control strategies.
